Shock formation due to overexpansion of supersonic flow at the inlet to the tip clearance gap of a turbomachine has been studied. The flow was modelled on a water. table using a sharp-edged rectangular channel. The flow exhibited an oblique hydraulic jump starting on the channel sidewall near the channel entrance. This flow was analyzed using hydraulic theory. The results suggest a model for the formation of the jump. The hydraulic analogy between free surface water flows and compressible gas flows is used to predict the location and strength of oblique shocks in analogous tip leakage flows. Features of the flow development are found to be similar to those of compressible flow in sharp-edged orifices. Possible implications of the results for hightemperature gas turbine design are considered.
INTRODUCTION
Tip leakage flow through the clearance gaps of unshrouded turbomachinery blades is known to cause reductions in efficiency and performance (Roelke, 1973, Hourmouziadis and Albrecht, 19871 . It is also known that enhanced heat transfer to the tips of turbine rotor blades, resulting from the separation and reattachment of the leakage flow, can be a major factor in determining blade life in high temperature gas turbines (Moore et al., 19891 . There have therefore been many recent studies of flow and heat transfer in tip gaps (Bindon, 1987 , Metzger and Bunker, 1989 , Metzger, Dunn, and Hah, 1991 . But most of these studies have considered only incompressible flow, and features of compressible flow such as overexpansion to high supersonic Mach numbers, shock formation within the tip gap, and shock boundary layer interaction have received little attention. It is important that this compressible flow physics be understood sufficiently well to be included in the turbine design process.
Consider, for example, turbine rotor blades in gas turbines operating with transonic flow. Around the airfoil, the flow accelerates to supersonic Mach numbers near the suction surface in regions of low static pressure. Similarly flow passing through the tip clearance gap will accelerate as the pressure falls. But its path is not as smooth as that around the airfoil profile. Efforts are made to reduce the leakage flow by using sharp corners, for example on the pressure side, and cavities. The flow may, therefore, overexpand locally and exhibit regions of supersonic flow and complex compressible flow structure.
In an attempt to shed some light on compressible flow development in tip gaps, Henry and Moore [Moore et al., 19891 made a preliminary study using a water table flow simulation. Using the hydraulic analogy between free surface liquid flow and two-dimensional compressible flow (Johnson, 1964, Laitone, 19521 , they gained some insight into possible Mach number distributions and shock patterns to be found in turbine tip clearance gaps. It appeared that overexpansion of flow around the pressure surface corner leads to an oblique shock wave which extends from the inlet corner region to the shroud wall at about two tip gap heights into the tip gap and then reflects back to the turbine blade tip. For tip gap exit pressures corresponding to blade suction surface Mach numbers greater than 1.0, they found local maximum Mach numbers within the tip gap in the range of about 1.5 to 1.8.
Comoressible Orifice Flows
Although little was found in the literature about compressible tip gap flows, much research has been done on compressible orifice flows. Benson and Pool (19651 describe early research in this area.
Benson and Pool numerically solved the equations for steady, isentropic flow of air through a two-dimensional slit. They then compared the results with Schlieren photographs and interferograms. Figure 1 shows the computed free streamlines for various back pressures. The flows range from incompressible flow p b /po -1.0, M -0.0, to sonic flow, p,,,/p0 = 0.5283, M = 1.0, to choked flow, Po/P o = 0.0389, M a 2.77.
Consider flow accelerating along the orifice wall to the sharp corner. If the back pressure is low enough to cause supersonic flow, this flow will undergo a Prandtl-Meyer expansion at the corner to the freestream Mach number. As a result the flow turns through the corresponding expansion angle. The free streamline then continues to turn through a further ninety degrees to the point of its maximum (downward) slope. Subsequently the jet reaches a maximum width followed by a contraction (as the free streamline turns upward again).
For subsonic and sonic flow, the jet simply contracts to an asymptotic jet width. This width is nlin + 2) = 0.61 of the slit width for incompressible flow and 0.74 of the slit width for sonic flow, as seen in Fig. 1 . With supersonic flow, the jet width contracts and then expands. At a freestream Mach number of about 1.3 (p b /po -0.36), the maximum width of the jet is equal to the slit width. At choked flow, the maximum width is about five times the slit width.
Norwood (19611 performed a computational study similar to that of Benson and Pool. He concentrated mostly on flow near the slit. He also performed experimental work on jet reattachment in two-dimensional models of a flapper valve. The geometry of these was like that of the slit in Fig. 1 except that downstream of the minimum area a straight wall was inclined downwards at an angle of 22-1/2 degrees to the horizontal. This effectively produced a tip gap with a sharp inlet corner and a linearly increasing height. Norwood visualized the flow with shadowgraph pictures.
At low upstream stagnation pressures (p b/po > -0.23), the jet in Norwood's models followed the horizontal wall like the subsonic and just, supersonic flows in Figure 1 . Further increase in the upstream pressure (pb /po < -0.23), however, caused the jet to jump to the inclined wall. Norwood noted that in his two-dimensional models the flow jumped at a relatively constant pressure ratio. This suggested that the only characteristic parameter for the flow development was the Mach number. It also indicated that the phenomenon of reattachment on the inclined wall was, initially at least, a compressibility effect depending on the Mach number rather than a frictional effect.
In a shadowgraph picture of flow along the inclined wall, Norwood observed two features of interest in the present study. The first was "a teardrop shaped region,' or "bubble," at the edge of the orifice where the flow is rapidly accelerating and the streamlines are highly curved. Norwood argued that the pressure in the bubble was very low because of the entrainment of the air inside into the main stream. The second interesting feature was an oblique shock just downstream of the throat starting on the inclined wall at the end of the bubble. This is due to the change in direction the supersonic flow encounters when it contacts the wall.
Hydraulic Analogy
Hydraulic analogies are used to translate water table results into useful compressible flow ideas. Two procedures are suggested in the literature, the classical analogy, as used by Henry and Moore, and a modified analogy which was found to be more relevant to the present work.
The classical analogy compares the reversible change in depth of a shallow water flow with the two-dimensional isentropic flow of an ideal gas. The velocity of a wave moving on the free surface, taken as WI , are also analogous. From continuity and energy considerations, the water depth ratio is related to the following aerodynamic ratios T.
P.
P.
When comparing the results of water and air flows there are two limitations to this analogy:
The "analogue gas described by Eq. 1 has a ratio of specific heat capacities, k = 2, instead of 1.4 for air.
2.
When shock waves are present, the isentropic assumption of the analogy is violated.
These limitations were discussed by Ippon and Harleman 119521, who also noted that most supersonic flows are made up of combinations of compression shocks and expansions. They therefore compared hydraulic and gas flows with shock and rarefaction waves to see if there was a more appropriate analogy. They found that the density ratio was the only aerodynamic property which agreed reasonably well with the hydraulic depth ratio, i.e.
The modified hydraulic analogy proposed by Ippon and Harleman was then 'to use the measured depth ratio at any point in the flow field only to determine the analogous density ratio. Such quantities as pressure and local Mach number are then calculated from the measured density ratio by means of the applicable aerodynamic relations."
Wave Velocity
In practice, two factors, in addition to the water depth, h, influence the wave velocity on water tables. These are the wavelength, A, and the surface tension of the water.
The term shallow water refers to h « A, and it is for wavelengths much larger than the water depth that the wave velocity is Vgh . So it is desirable to test at small water depths with waves of long wavelength. Laitone 11952) has noted that it is difficult to use a flowing water channel with a depth of only 0.6 cm because of flow nonuniformities over the fixed bottom. This observation agrees with Johnson's experimental evidence that depths of the order of 0.6 to 1.3 cm are best (Johnson, 19641 . Wavelengths should then be of the order of 10 cm.
Capillary waves arise when the surface of the water vibrates as a membrane. Johnson reports that reducing the surface tension as much as possible will help lessen the effect of these waves relative to the gravity waves. Laitone also suggests that their relative effect may be practically eliminated by using a larger model. 
Present Contribution
The present study is aimed at further understanding the mechanism of shock formation near the inlet of the tip clearance gap. The flow structure is related to the development of compressible flow in sharp-edged orifices. Particular features of interest include the length scale of the formation process and the strength of the shocks produced.
The experiments were performed on the same water table used by Henry and Moore, with some modification. Larger scale models were used to improve the hydraulic analogy and to increase the resolution of the flow structure. The modified hydraulic analogy of Ippon and Harleman 119521 is used to calculate analogous compressible gas flows.
EXPERIMENTAL APPARATUS AND PROCEDURE
Water Table   The water table apparatus The table was level to within 0.25 mm across the entire table surface. Since the various test sections used were no larger than 19.8 x 7.6 cm, the table within the test section was level to within about 0.08 mm.
As mentioned previously, it is desirable to reduce the surface tension of the water as much as possible. Johnson reports using photographic wetting agents to accomplish this. The surface tension in the present tests was kept at about 30 dynes/cm by adding 4 ml of Kodak Photoflo 600 per gallon of water.
Test sigaioni
The test sections used for this investigation were constant area channels (or orifices) assembled using two rectangular aluminum blocks. The corner at the leading edge (entrance to the channel) was machined as sharp as possible to ensure an entrance modelling a sharp-edged orifice. Also, the channel sidewall and the upstream side of the blocks were machined smooth to avoid interference with the flow.
A representative sketch of the test section is shown in Fig. 2 . The desired flow regime is sketched within the test section. The location of the origin and the axes used to measure channel coordinates are also shown in the figure. The length/width ratios of the channels were chosen such that the waves formed near the corners of the channel entrance intersected within the channel, but their reflections from the channel centerline did not intersect the channel wall.
In all, five test cases were studied. These are summarized in Fig.  3 , labeled as cases A through E. There are two basic configurations, symmetrical and one-sided. For the symmetrical configurations, cases B and C, the blocks were placed as shown in the example of Fig. 2 . In doing so, a tip gap with an inviscid shroud wall and its mirror image are modeled. To obtain the one-sided geometries, cases A, D and E, a strip of stainless steel sheet metal was placed along the length of the water table to give the proper channel width. In these cases, the tip gap and a shroud wall are modeled.
Also seen in Fig. 3 , two channel length to half-width ratios (11w) were chosen to provide different geometries. Cases A, B and C all have 1/w 2.6, but each has a different half-width, w. In this way, the effect of scaling on the flow can be examined. Configurations D and E have I/w -1.32 and the same half-width, but different overall water depth ratios, h b /ho . Thus, the effect of h b / 110 ( jffef Pe by the classical hydraulic analogy) can be investigated. In addition, configurations A and D can be compared to examine the effect of geometry on the flow. Both have similar half-widths and h b/ho , but each has a different 11w. Representative test section and flow regime
The locations for the measurement of h o and hb are shown in the sample configuration in Fig. 2 . Three criteria were used in choosing values for these depths. First, 11 0 was chosen such that the depth of water in the channel would be in the range of 0.6 to 1.3 cm, where the hydraulic analogy would hold best. It was decided to choose h b very low to give high Froude numbers and stronger hydraulic jumps. Finally, ho and hb were selected to give overall height ratios, h b/ho , which would yield pressure ratios similar to those used by Norwood 119611. During the course of each test, h o remained constant to within 0.002 inches (0.05 mm).
For each test a set of water heights upstream and in the channel was taken. Moving along a line at a fixed distance from the channel wall, a fixed y value, surface height measurements were taken at points along the direction of flow (in the pOsitive x direction). This was done across the entire channel half-width, creating a grid of water heights which could then be easily converted to a grid of height ratios. hal o , for use in data analysis.
EXPERIMENTAL RESULTS

Maior Features of Channel Flow
Flow observed on the water table is shown schematically in Associated with the rapid acceleration of the flow around the corner of the channel entrance is a location of minimum water height, hd . The location of minimum height appears as a dimple in the water surface. This dimple is the beginning of a trough or line of minimum water height which extends to the centerline, gradually becoming less sharp.
The trough is the beginning of an oblique hydraulic jump which is also shown in Fig. 4 . This jump results from the turning of the flow after it accelerates around the corner. The distance measured perpendicularly from the trough to the line labeled locus of maximum height corresponds to one-half of the wavelength IA/2) of the hydraulic jump.
The flow then exits the channel and expands to the downstream water height, h b . At the corner of the channel exit, an expansion fan is present, as seen in Fig. 4 .
Test Results
The results of the five test cases are presented here. First, the results of the basic configuration, Case B in Fig. 3 , are presented along with the analysis used to obtain the results. Then, a Summary of the corresponding results for the other four cases will be presented.
The basic configuration was symmetrical with lh b /h0 1 2 = 0.038. Surface height measurements were taken and a contour plot of h/h d was prepared. This plot, along with a plot of corresponding Froude numbers appears in Fig. 5 . Note the regions of flow in Fig. 5 correspond to those described in the flow schematic in Fig. 4 . Figure 5 also shows the rapid acceleration of the flow around the corner with a dimple occurring at x = 1.14 cm, y = 0.38 cm. The height ratio at this point is h d /hd --0.394. Associated with this minimum height ratio is a maicimum or dimple Froude number, Fd. For this case, Fd = 1.75. The hydraulic jump discussed for the schematic of Fig. 4 was seen to exist in all the test cases. In order to compare the jumps observed in each case, oblique hydraulic jump relations from classical hydraulic theory are used to determine the strength and angle of each wave, The analysis used is presented below, with reference to the schematics shown in Figs. 6 and 7.
As Fig. 6 shows, the minimum water height, h d , is defined as h i , or the water height just before the hydraulic jump. The height just after the hydraulic jump, h 2 , is defined as the maximum height the water reaches along the line y = yd , where Vd is the y coordinate of the dimple. In doing so, the ratio h21h 1 , a measure of the strength of the hydraulic jump, can be found.
For comparison, a method was developed for predicting the angle of the wave from the measured surface heights. This is based on the conceptual model of free streamline flow intersecting a wall. Figure 7 shows this schematically. In examining the data, it is helpful to note the location on the channel wall where the oblique wave forms. This location was estimated from the contour plots of Quantities used to determine strength of jump the loci of maximum and minimum heights was drawn. The point where this median line intersects the channel wall is then considered the location of the wave formation. The distance from the channel entrance to this point of intersection, x i , is as shown in Fig. 7 . It is the point where the °free streamline" contacts the wall causing the flow to turn.
To calculate the angle of the wave, the following equations are used in reference to Fig. 7 The other four cases were treated in a similar manner. Calculations were performed for all cases as above. The results of -these calculations and the corresponding measurements are summarized in Table 1 .
The measured wavelengths of the oblique hydraulic jumps are shown in Table 2 . They are also expressed in channel half-widths, A/w, and in terms of the dimple water depth, A/h d .
DISCUSSION OF RESULTS
In this section, the oblique wave structure measured on the water table and its relevance to oblique shock wave formation in compressible tip gap flows are discussed. The validity of the water table models and of the simple hydraulic theory of the oblique wave formation are considered. The modified hydraulic analogy is applied to the data and the results are compared with available data and calculations for compressible flow through sharp-edged orifices. The measured angles, -6, of the wave relative to the channel sidewall, as shown in Table 1 for cases A through E, are 37, 31, 31, 35 and 28 degrees, respectively. The angles calculated using the data and classical hydraulic theory were 40, 44, 45, 31 and 35 degrees, respectively. Since the classical theory was developed for uniform supercritical flow encountering a wedge imposing a uniform turning angle, whereas the present flow involves a non-uniform overexpanded flow around a corner impinging on a wall, some difference is to be expected. Overall, the largest models with the low downstream height (hb/h0) gave the best agreement, within three or four degrees. Fig. 7 . We wish to determine the Mach number M. the density p, and the oblique shock angle a, corresponding to the Froude number F, the water depth h, and the oblique hydraulic jump angle ft.
In the modified analogy, Eq. 2, Figure 8 is a plot of wave velocity as a function of wavelength A and water depth h as given by equation (6). This plot is for tap water with the reduced surface tension T of 30 dynes/cm, used in the present tests. It shows the effect Of the surface tension term of equation 6. For small wavelengths, the velocity of the surface wave tends toward infinity. If the surface tension term is neglected, the velocities will approach zero for smaller and smaller wavelengths. As A increases, the velocity approaches figiC. Since this is the velocity used in the analogy, it is important to run experiments in the range where velocity is not a function of wavelength--at larger wavelengths and/or more shallow The equations for the Mach number and the oblique shock angles depths.
corresponding to equations 3-5 are then The present tests were run with water depths between 0.66 and 1,38 cm, and the measured wavelengths, from Table 2, were from 3.0 to 6.4 cm. The ranges of operation of the five tests are shown in Fig.  8 . It appears that tests A and D came closest to satisfying the requirement of the hydraulic analogy. In those cases, the values of the A/hd were 7.8 and 9.4, respectively. In the three other tests, B, C, and E, the values were smaller, between 3.7 and 5.3.
The measured wavelengths in Table 2 show that for given flow conditions, wavelength varies as channel half-width. For cases A through D, with (hb fhpl z = 0.038, the wavelength expressed in halfwidths remains approximately constant, about Alw 0.9. This agrees with Laitone's observation that a larger model will give larger wavelengths, thus reducing the effects of capillary waves. It also explains why the largest scale models, A and D, exhibit better shallow water behavior than the smaller models, B and C.
Analogous Compressible Flow
Using the modified hydraulic analogy of Ippon and Harleman, the compressible flows analogous to the measured water table flows may be calculated. Here, we consider the compressible flow analogous to the Table 3 shows the results for air with k = 1.4. Comparing the results of Tables 1 and 3 , we see that the Mach numbers are lower, 1.40-1.84, than the Frauds numbers, 1.60•2.29; the shock angles are larger than the jump angles by 8-12 degrees; but the calculated turning angles, 6, are about the same.
Effective1l location of wave formati on Figure 9 shows the free streamlines calculated for sharp-edged orifice flows by Norwood.
From the free streamline results of Benson and Pool and of Norwood, Fig. 10 was constructed. This figure shows the distance, xj, from the orifice entrance to the point of intersection of the free streamline with a line drawn from the orifice edge parallel to the orifice centerline, plotted against the freestream Mach number. This distance is plotted as xi /w, or the distance in orifice half-widths. The figure shows that at higher Mach numbers, the free streamline intersects the "wall' closer to the orifice edge. As the Mach number decreases, the free streamline intersects the wall farther and farther downstream. The free streamline becomes parallel to the wall at a pressure ratio of about 0.36 or M -1.3, as suggested by the results of Benson and Pool: Figure 10 also plots the data for the five, water table cases against the Mach number, M I , from Table 3 . Two points are plotted for each case, the location of the intersection of the line of median heights with the channel wall, denoted by the symbol m, and the location of the intersection of the line of maximum heights with the channel wall, denoted by the symbol p. The intersections for the lines of maximum height agree well with the wall locations predicted from the calculated compressible flow free streamlines. This data lies in the range ir : /w 0.9-1.2. The trend in the data follows the predicted variation with free stream Mach number; and tests A and D give the best agreement.
The angles of turn, 6, or equivalently the angles with which the free streamlines intersect the wall, are plotted against freestream Mach number in Fig. 11 . The figure shows the turning angles from Table 3 and the free streamline angles of Benson and Pool and of Norwood. As was seen in Fig. 10 , for Mach numbers above about 1.3, the free streamline intersects the wall. The angle of intersection then becomes steeper as the Mach number increases. There is excellent agreement between the present results and the calculated compressible flow results.
The line of minimum Mach number required for an attached shock for a given 6 is also shown on Fig. 11 . The present data lies in the range M 1.4-1.84 and it follows this line very closely. This implies that the shock formation is like that of an attached shock on a wedge of half-angle, 6.
Another interpretation of the shock formation is that it is like turbulent reattachment in supersonic flow. Carriere 119701 has presented a correlation of experimental results for two-dimensional flow. Again Figure 11 shows that this is in reasonable agreement with the data, but the trend is toward somewhat lower turning angles, or later reattachment, at higher Mach numbers. This perhaps supports the argument by Norwood that the phenomenon of reattachment on his inclined wall was a compressibility effect rather than a frictional effect. Norwood's calculated free streamlines from a half-slit
Analogous wave formation in comoressible flows
The results in Figs. 10 and 11 may be used to predict oblique shock formation in compressible flows. For example, consider a flow with a free stream Mach number of 1.8, that is, a minimum pressure p j /pc , -0.174 (with k 1.4). Figures 10 and 11 give the wave location and turning angle as x j/w = 0.96 and 6 = 18.8 degrees, respectively. Equations 9 and 10 may then be solved to get a a 61.1 degrees and a -6 a 42.3 degrees. The resulting predicted flow is shown plotted in Fig. 12 . Implications for let engine test heat transfer
The 2-0, incompressible turbulent flow calculations of Moore, et al. 11989) showed an area of enhanced heat transfer on the pressure side of a turbine blade tip as shown in Fig. 13 . The heat transfer was enhanced by up to 1.8 times the downstream fully developed value in the first two to three tip gap heights. The estimated intersection of the free streamline with the sidewall of x i/w between 0.4 and 1.4, observed in Fig. 10 , would indicate a shock forming within this region of already enhanced heat transfer. The shock-boundary layer interaction could serve to further enhance the heat transfer. Increased heat transfer would lead to higher metal temperatures and increased rates of oxidation and material weight loss. This would reduce both the expected useful life of the turbine blade and the turbine efficiency.
CONCLUSIONS
Tests to study the formation mechanism of shocks in sharpedged rectangular channels were performed to gain insight into the compressible flow in tip clearance gaps of turbomachinery blading. The flow was modeled on a water table using the hydraulic analogy. Tests were run with equivalent back pressure ratios, c\ 3 /00, of about 0.04 and 0.2 on channels with aspect ratios (length to half-width, 11w) of 2.6 and 1.32.
The results observed on the water table suggest a model for the formation of an oblique hydraulic jump near the inlet to the channel. As the flow enters the channel, it accelerates around the corner creating a region of minimum water height. The "free streamline" separates from the wall at the channel entrance; and, for Froude numbers greater than about 1.3, it curves back to intersect the channel sidewall. At this point, the freestream flow is abruptly turned parallel to the sidewall, giving rise to an oblique hydraulic jump.
In the cases tested, the flow accelerated around the corner reaching maximum Froude numbers of 1.6 to 2.3. A hydraulic jump at an angle of 28 to 37 degrees to the channel wall appeared to start at the sidewall within 0.4-1.4 half-widths of the channel entrance. The results were analyzed using the hydraulic theory of oblique wave formation in supercritical flow over a wedge. This indicated that the flow was turned through an angle of 10 to 20 degrees by the wall.
The modified hydraulic analogy of !poen and Harleman and the theory of oblique shock wave formation in supersonic flow over a wedge allow analogous compressible flow behavior to be predicted. This gives maximum freestream Mach numbers Of 1.4 to 1.8, wave angles of 43 to 54 degrees, and turning angles of 9 to 20 degrees; as the freestream Mach number increases, the angle of turn also increases. These predicted results compare well with the results of compressible sharpedged orifice flow calculations found in the literature.
It appears that in a turbine, after separating from the inlet corner, the flow reattaches on the blade tip and an oblique shock is formed at 0.4-1.4 tip gap heights into the clearance gap. The resulting shockboundary layer interaction may contribute to further enhancement of already high heat transfer to the blade tip in this region. This in turn could lead to higher blade temperatures and adversely affect blade life and turbine efficiency.
On the water table, for similar operating conditions, the ratio of the wavelength of the oblique hydraulic jump to the channel half-width was approximately constant. The largest scale models therefore came closest to satisfying the requirement of the hydraulic analogy that the wavelength be much greater than the water depth. The best agreement between the water table results analyzed using the modified hydraulic analogy and corresponding compressible flow results was obtained with the largest scale models.
